There are multiple surgical options for the correction of coronal deformities of the lower limb. The corrective osteotomy is used for acute correction, while the asymmetrical epiphysiodesis is a method of gradual correction involving temporal and permanent hemiepiphysiodesis. Among the various methods, percutaneous lateral hemiepiphysiodesis (PLH) is an ablation of a selected and limited area of the growth plate. PLH is advantageous because it is less invasive, has a low morbidity, requires only a short hospital stay, produces minimal scarring, and does not require a second operation for hardware removal.[@B1] Scarring is a serious problem that cannot be ignored in adolescents. Studies have reported positive results of percutaneous permanent epiphysiodesis for leg length discrepancy.[@B2][@B3] However, there are few reports on the effect of PLH on angular correction. [@B4] Additionally, the ideal timing for optimal results of correction is still unknown.

Therefore, we investigated the efficacy and clinical outcomes of PLH with respect to angular correction. Correction of coronal plane deformities of the lower limb by PLH on only the proximal tibia and factors associated with the amount of correction of angular deformities of the lower limb were evaluated, and the results were presented.

METHODS
=======

This retrospective study included 25 patients with idiopathic genu varum (50 lower limbs) who underwent PLH on the proximal lateral tibia for a varus angular deformity from 1997 to 2010. The study was approved by the Institutional Review Board of Samsung Medical Center. The need for informed consent was waived because of the retrospective nature of the study.

The inclusion criteria were patients aged ≤ 16 years who underwent PLH on the proximal lateral tibia for idiopathic genu varum and were followed until skeletal maturity. Skeletal maturation was determined with evidence of epiphyseal plate closure from radiographs.

Indications of surgery were (1) varus deviation of a mechanical axis at the knee joint level of more than 5° with a proximally migrated fibular head above the epiphysis of tibia; (2) more than 5 cm of intercondylar distance (ICD) in the knee joint; (3) appropriate remaining growth of tibia on the Anderson and Green graph;[@B5] and (4) normal range of mechanical lateral distal femoral angle (mLDFA; 86° to 89°). Five patients who did not have follow-up data until skeletal maturation were excluded. Demographic data were reviewed ([Table 1](#T1){ref-type="table"}). The total of 20 patients included 15 girls and 5 boys. The median and interquartile range (IQR) of bone age at the time of surgery was 144 months (IQR, 144 to 150 months) and 168 months (IQR, 168 to 174 months) in girls and boys, respectively. The mean body mass index (BMI) was 18.3 kg/m^2^ (IQR, 18.0 to 18.8 kg/m^2^). The median follow-up period was 33.6 months (range, 24 to 48 months).

The timing of PLH was determined by using calculated correctable angle. Correctable angle was calculated by the following equation ([Fig. 1](#F1){ref-type="fig"}):[@B1] $$\text{Correctable\ angle} = \frac{360{^\circ}\left\{ \textit{remaining\ growth}\left( \textit{cm} \right) \right\}}{2\pi\left\{ \textit{width\ of\ physis}\left( \textit{cm} \right) \right\}}$$

The bone age was checked at the preoperative visit. Subsequently, the remaining growth of tibia was calculated from the Anderson and Green graph.[@B5] For example, a girl of 144-month-old (bone age) with 10° of hip-knee-ankle (HKA) angle has a 6 cm of physis width; the remaining growth of tibia was 1 cm by using the Anderson and Green graph. Subsequently, the correctable angle was calculated by the above equation. Finally, the result was 9.5°. We considered that the timing for operation was appropriate if the HKA angle matched the calculated correctable angle by the above equation.

All procedures were performed by a senior surgeon (JSS). The lower extremity was surgically prepared under general anesthesia with a pneumatic tourniquet on the operated limb. Physis area was identified under image intensifier control. A 1-cm surgical incision was made over the lateral physis of the proximal tibia. The proximal one third lateral tibia epiphyseal plate was removed with drills of increasing bit size. The epiphysiodesis was completed by curettage and the remaining cartilaginous material was checked. Concomitant proximal fibular epiphysiodesis was conducted. After thorough irrigation, we removed any bony material from the soft tissues to prevent the formation of heterotopic bone.[@B6] Postoperatively, patients used a cylinder splint for 1 week. Partial weight bearing was permitted after the first week.

Preoperative and postoperative full-length hip-to-ankle radiographs were used to measure the HKA angle. Standing radiographs (from the femoral head to the ankle joint) were obtained using standard protocols. Postoperative radiographs were taken at 6 weeks and every 3 months after surgery, and as required, until skeletal maturation was evident. Preoperative and final follow-up radiographs were analyzed retrospectively. All radiographic evaluations were performed by two independent examiners (YSL, KW).

Radiographic measurements were evaluated by using a picture archiving and communications systems (PACS; General Electric, Chicago, IL, USA) monitor that computed lengths and angles automatically. The following were measured: (1) the degree of pre- and postoperative knee deformity or HKA angle was determined on the standing full-length radiographs as the angle between the mechanical axis of the femur (center of the femoral head to the center of the knee) and the mechanical axis of the tibia (center of the knee to the center of the ankle plafond) [@B7] and (2) tibial growth was measured by calculating the differences of tibial length between the preoperative and final follow-up periods. Tibial lengths were measured from the lowest point of the intercondylar eminence of the tibia (tibial spine) to the center of the ankle formed by the tibia and the fibula.[@B8]

We reviewed the medical records of all patients. The clinical assessment consisted of intercondylar distance and postoperative complications such as wound problems, nonunion, delayed union, leg length difference and overcorrection. ICD was measured as the gap between the medial femoral condyle in keeping feet together. The other minor and transient complications investigated involved temporal altered sensation and patient discomfort. Furthermore, we investigated secondary deformities in sagittal plane, such as procurvatum or recurvatum despite the attempts to correct the deformity in coronal plane.

Assessment of Results
---------------------

We compared the results on degree of the HKA angular correction. The percent ratio of the correction was defined as the ratio of the amount of angular correction to the preoperative angular deformity. The amount of angular correction was determined as the difference between the preoperative and final HKA angles.

Statistical Analysis
--------------------

Although operation was bilateral in all patients, data were selected from right single limb for analysis to ensure statistical independency. Data were presented as median and IQR for all measured parameters. The Wilcoxon rank sum test was used to determine significant differences in angulation between the preoperative and final HKA angles. The correlation between preoperative factors and the amount of angular correction with Pearson correlation analysis was analyzed. All statistical analyses were carried out using IBM SPSS ver. 21.0 (IBM Co., Armonk, NY, USA). A *p*-value \< 0.05 was considered statistically significant.

RESULTS
=======

The amount of coronal deformity of lower limb was significantly improved, as compared to the preoperative values. The coronal deformity of knee joint with HKA angles was assessed. The median values of the HKA angle improved from 8.0° (IQR, 7.0° to 10.0°) preoperatively, to 3.0° (IQR, 2.5° to 4.0°) at the final follow-up (*p* \< 0.001). The median correction angle was 4.9° (IQR, 3.7° to 6.2°). The median value of the percent ratio of the correction of the HKA angle was 60.0% (IQR, 50.0% to 71.4%). There was no case of overcorrection. We obtained one case with 100% of the percent ratio of the correction (complete correction) and one case with 0% of the percent ratio of the correction (failure of correction). The median ICD at final follow-up was 3.0 cm (IQR, 2.0 to 3.3 cm) and the amount of improvement was 3.0 cm (IQR, 2.0 to 4.0 cm).

There were significant correlations between the bone age, preoperative HKA angle, growth remaining of tibia or calculated correctable angle and the actual correction angle. The correlation coefficients for the bone age, preoperative HKA angle, growth remaining of tibia, and calculated correctable angle were --0.537, 0.832, 0.791, and 0.685, respectively. However, there were no significant correlations between body mass index or chronological age and actual correction angle (*p* \> 0.05) ([Table 2](#T2){ref-type="table"}).

A total of 3 postoperative complications occurred in three different patients. We identified one case of temporal knee joint pain and two cases of temporal hypoesthesia. There were no cases of persistent non-union of proximal tibia, wound problems, leg length differences, or other minor or transient complications. Additionally, there was no sagittal secondary deformity, such as procurvatum or recurvatum.

DISCUSSION
==========

PLH is a reasonable procedure with low morbidity for treating young age patients with coronal angular deformity of the knee. Nevertheless, there is uncertainty regarding the degree of correction due to the individuality of patients. Thus, reports on PLH and the angular correction of knee joint are valuable for patient consultation and management. We accordingly investigated factors that correlated with the actual correction angle in idiopathic genu varum patients.

The most important finding of the present study is that PLH of the proximal tibia can achieve misalignment correction in idiopathic adolescent genu varum. Our results indicated that PLH performed on a proximal tibia had an approximately 60% correction power to the coronal deformity of whole lower limbs. A previous report showed outcomes for PLH of the combination of both distal femur and proximal tibia; however, our results showed that PLH performed only on the proximal tibia provided a reliable correction of angular deformity.[@B4][@B9] Since all our patients had normal mLDFA, the normal femoral structure was not manipulated. The mean error of angular correction (actual versus predicted) of the genu varum deformities was 3.2° (range, 0° to 6°). The correction error of our procedure was more than the results of a previous report. Inan et al.[@B9] reported about 1.5° of correction error with combined PLH on the distal femur and proximal tibia in idiopathic genu valgum. PLH on only the proximal tibia has an expectedly weaker correction power than PLH on both the distal femur and proximal tibia.

PLH requires an accurate calculation of the remaining growth in order to determine the exact timing of the procedure.[@B10][@B11] Hemiepiphysiodesis is a challenging procedure and surgeons cannot guarantee definite postoperative corrections. The inaccurate timing of surgery in PLH can lead to a miscorrection of the deformity. However, although we obtained almost the exact timing window for conducting the procedure, numerous factors such as a disease of physis, and various union periods could lead to under- or over-correction of the deformity.[@B4][@B12][@B13] Therefore, Khoury et al.[@B14] suggested that close follow-up is a necessity.

We suggest that patients undergo PLH on the proximal tibia at an earlier point than that based on correctable angle. Given our results, that over 80% of the cases showed a corrective outcome greater than 50% relative to the preoperative values, there was still an amount of residual deformity ([Fig. 2](#F2){ref-type="fig"}). After PLH, the bone needs time for union or healing; and this interval could be the potential cause of under-correction. We therefore recommend this procedure a few months earlier than calculated. However, because of the limitation of small sample size, we could not determine at what earlier time point the surgery is required, as compared to the calculated operation timing. Thus, further investigation is required.[@B6]

In this study, we determined the correlation of surgical results with bone age, preoperative HKA angle, calculated expected values of tibial growth, and angle of correction. Our results indicated that the completely corrected case (no. 3) showed the largest tibial growth ([Fig. 3](#F3){ref-type="fig"}) with 10 mm of remaining growth. This was the largest in the cohort. In contrast, case no.11, which showed no correction, had the smallest tibial growth ([Fig. 4](#F4){ref-type="fig"}) with 6 mm of remaining growth of tibia. This was the smallest in the cohort. These results suggested that residual growth potential and bone age are critical to the success of PLH.

Gradual correction of genu varum is possible by temporary hemiepiphysiodesis such as stapling,[@B15] applying transphyseal screws[@B16] or the eight-Plate.[@B11] However, permanent hemiepiphysiodesis was performed because of better outcomes in morbidity, cosmetics, and cost, as compared to temporary hemiepiphysiodesis. As noted above, PLH has low morbidity because it is a less invasive method and requires short hospital stay. It only produces minimal scarring, which can be a serious concern for adolescents. Temporary hemiepiphysiodesis requires a second operation for hardware removal unlike PLH.[@B1] PLH reduces not only the financial burden, but also the anesthetic risk of the patients.

We did not perform PLH in the patients younger than 120 months of bone age, because it is difficult to predict the remaining angular growth or determine of proper time for hemiepiphysiodesis in young patients. Also, since young patients have greater growth potential, permanent hemiepiphysiodesis can result in overcorrection. Thus, in this study, surgery was not performed in patients younger than 120 months of bone age.

This study had several limitations that require consideration. First, it included had a relatively small number of patients and no control group. Second, the study was retrospective. However, to the best of our knowledge, this study was conducted on the largest idiopathic genu varum patient cohort. Additionally, we conducted the operation only for the tibial lesion in patients with normal femoral anatomy. We used skeletal maturation as the end point for our study for follow up in all patients.

In conclusion, PLH on the lateral tibia is a simple, safe and cosmetically excellent procedure for adolescent idiopathic genu varum patients. However, this operation had a limited correction effect in most of the patients. For optimum results, this surgery should be performed a few months earlier than the calculated operation time. After careful growth calculation, surgery should be performed only in patients with sufficient remaining growth.
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![Schematic presentation for the correctable angle by asymmetrical lateral proximal tibia epiphysiodesis.](cios-8-92-g001){#F1}

![Comparison of the correction angle between the calculated expectation values and actual values. CCA: calculated correctable angle, ACA: actual correction angle at final follow-up.](cios-8-92-g002){#F2}

![Case number 3. A 10.3-year-old girl (bone age). (A) Preoperative radiograph. (B) Perfect alignment was achieved 2 years postoperatively when skeletal maturity was reached. ^\*^Hip-knee-ankle angle.](cios-8-92-g003){#F3}

![Case number 11. A 12.3-year-old girl (bone age). (A) Preoperative radiograph. (B) There was no improvement of angular deformity at final follow-up. ^\*^Hip-knee-ankle angle.](cios-8-92-g004){#F4}

###### Preoperative Patient Demographic Characteristics
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  -------------------------------------------------------------------------------------------------------------------------
  Case no.   Sex      Age (mo)   BMI\        ICD\    HKA angle\   mLDFA\   CCA\   Tibial length\   GRT\   Follow-up\   
                                 (kg/m^2^)   (cm)    (°)          (°)      (°)    (cm)             (mm)   (mo)         
  ---------- -------- ---------- ----------- ------- ------------ -------- ------ ---------------- ------ ------------ ----
  1          Female   143        150         18.03   5            7.5      87.6   7.7              29.0   8            36

  2          Female   140        144         17.63   7            10.0     89.5   9.7              29.8   10           48

  3          Female   124        144         18.42   5            9.0      90.0   9.0              28.2   10           48

  4          Female   135        144         18.08   7            10.0     88.9   9.7              29.1   10           36

  5          Female   134        144         16.67   6            10.0     85.9   10.0             27.4   10           48

  6          Female   128        144         17.90   6            8.0      87.6   7.7              29.0   10           36

  7          Female   132        150         18.49   4            7.0      89.1   6.8              29.0   8            24

  8          Female   138        144         18.36   5            10.0     90.0   10.0             29.6   10           36

  9          Female   138        144         17.22   6            10.0     87.7   10.0             29.3   10           36

  10         Female   143        150         18.66   6            8.0      89.5   6.7              29.7   8            36

  11         Female   147        150         17.40   5            6.0      88.6   6.0              29.5   8            24

  12         Female   155        150         18.03   5            5.0      89.2   6.0              29.4   8            24

  13         Female   155        150         18.03   5            7.0      89.8   6.7              29.0   8            36

  14         Female   148        144         18.26   7            10.0     89.7   8.7              29.3   10           36

  15         Female   153        150         18.90   5            7.0      89.8   6.7              29.0   7            24

  16         Male     158        168         18.81   7            10.0     88.9   10.0             35.0   10           36

  17         Male     163        174         20.07   5            6.0      89.4   5.0              34.0   6            24

  18         Male     170        174         19.13   5            7.0      89.5   5.0              34.6   6            24

  19         Male     166        168         18.78   7            10.0     89.1   10.0             35.0   10           36

  20         Male     171        168         19.27   6            8.0      89.3   8.0              34.0   10           24

  Median              145        150         18.31   6            7.9      89.3   7.9              29.4   10           36
  -------------------------------------------------------------------------------------------------------------------------

BMI: body mass index, ICD: medial femoral intercondylar distance, HKA: hip-knee-ankle, mLDFA: mechanical lateral distal femoral angle, CCA: calculated correctable angle, GRT: growth remaining of tibia.

###### Analysis of Correlation Factors of Actual Correction Angle
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                           Spearman correlation coefficient   *p*-value
  ------------------------ ---------------------------------- -----------
  Sex                      --0.040                            0.866
  Chronologic age          --0.273                            0.244
  Bone age                 --0.537^\*^                        0.015
  Body mass index          --0.031                            0.896
  Preoperative HKA angle   0.832^†^                           \<0.001
  GRT                      0.791^†^                           \<0.001
  CCA                      0.685^†^                           0.001

HKA: hip-knee-ankle, GRT: growth remaining of tibia, CCA: calculated correctable angle.

^\*^1% level of significance. ^†^5% level of significance.
